The assembly of the first centrosome occurs upon fertilisation when the male 12 centrioles recruit pericentriolar material (PCM) from the egg cytoplasm. While 13 inaccuracy in the assembly of centrosomes leads to infertility and abnormal 14 embryogenesis, the mechanism that ensures accurate assembly in vertebrate 15 embryos remains obscure. Here we applied a CRISPR-Cas9-mediated gene 16 knockout to show that Wdr8, a novel centrosomal protein, is maternally essential 17 for PCM assembly during embryonic mitoses of medaka (Oryzias latipes). 18
Introduction 30
The animal microtubule organising centre (MTOC), or centrosome, comprises a pair 31 of centrioles embedded in pericentriolar material (PCM) 1-4 . The centrosome 32 duplicates during every cell cycle to define the two MTOCs of the bipolar mitotic 33 spindle 2, 3 . An abnormal assembly or number of centrosomes can cause cell division 34 failure, genomic instability and tumorigenesis in somatic cells [5] [6] [7] . Their accurate 35 assembly, on the other hand, governs the progression of early cleavages in animal 36 zygotes. Most animal oocytes eliminate centrosomes during oogenesis, supposedly to 37 avoid centriole aging, parthenogenesis or abnormal embryonic mitoses with an excess 38 number of centrosomes 3, 8, 9 . The developing oocytes accumulate maternal 39 centrosomal factors to establish the initial zygotic centrosome upon fertilisation by 40 assembling PCM around a paternally introduced centriole 8, 9 . This serves as a 41 template for the numerous centrosomes that are created during subsequent cleavages. 42
Ultimately, therefore, the success of fertilisation and embryonic development depends 43 on the accurate assembly of the initial centrosome from paternal and maternal 44 material during fertilisation 9 . 45
In somatic cells in culture, bipolar mitotic spindle and metaphase progression can 46 occur normally in the absence of the centrosome 10, 11 . In contrast, it has been 47 suggested that centrosomes in the Drosophila, C.elegans and sea urchin zygotes are 48 essential for embryonic mitoses (i.e. cleavages) [12] [13] [14] [15] [16] . For example in Drosophila, a 49 PCM protein Spd-2 and a centriolar protein Sas-4 appears to be largely dispensable 50 for somatic mitosis in cultured Drosophila cells and later development (after 51 midblastula transition) respectively, but is essential for embryonic mitoses via its 52 centrosome assembly functions 15, 16, 17 . Therefore, embryonic centrosome assembly 53 seems to require a special form of regulation involving specific maternal factors, but 54 an analysis of the mechanisms and factors involved in this process have just begun. In 55 contrast, surprisingly, such crucial role of the centrosome controlled by maternal 56 centrosome factors in vertebrate embryos has been poorly understood. Undoubtedly, 57
there is a compelling need to reveal the centrosomes' physiological roles in vertebrate 58 embyrogenesis to provide insights into development and infertility mechanisms in 59 humans. However, it is still elusive partly due to the difficulty of peeling apart the 60 distinct functions of maternal and zygotic factors using the knock out methods at hand. 61
However, a few zebrafish mutants have served as a basis for examining the 62 physiological functions of maternal centrosomal factors in vertebrates [18] [19] [20] . The 63 cellular atoll (cea) embryo, a maternal-effect Sas-6 mutant, exhibits a failure of 64 centrosome duplication, and has thus revealed functions of centrosomal factors that 65 have been conserved in human somatic cells and teleost embryos 19 . The lymphoid-66 restricted membrane protein (lrmp) mutant futile displays a failure of the attachment 67 of centrosomes to pronuclei immediately after fertilisation, again demonstrating a 68 maternal-specific function 20 . But many novel factors have scarcely been investigated 69 in vertebrates, making it impossible to model the molecular networks required for 70 centrosome assembly during the initial stages of embryogenesis and later 71
development. 72
To gain molecular insights into the role of maternal-specific centrosomal factors in 73 centrosome assembly in vivo, we used the vertebrate model medaka (Oryzias 74 latipes) 21 . We analysed an uncharacterized WD40 repeat containing protein, Wdr8, (the orthologue of human WRAP73) that we recently identified in a screen for 76 maternal proteins 22 . We applied CRISPR-Cas9-mediated targeted gene inactivation, 77 and elicited specific centrosome assembly defects in the absence of maternal and 78 zygotic Wdr8. This allowed us to unravel an essential role for Wdr8 in maternal PCM 79
assembly. Subsequently we used mRNA injection, which mimics maternal gene 80 expression, and observed a remarkable reconstitution of centrosome assembly, proper 81 cell divisions and gross development until adulthood. This in vivo reconstitution 82 strategy of maternal Wdr8 functions allowed us to perform a straightforward 83 screening of mutant variants that revealed domains/modules of the Wdr8 protein 84 essential for PCM assembly in living vertebrate embryos. Overall, this system clearly 85 delivered molecular insights into Wdr8's essential function in embryonic centrosome 86 assembly. 87 88
Maternal but not paternal Wdr8 is essential for symmetric cleavages of Medaka 89 embryos 90
In a recent study we identified a number of proteins that were specifically upregulated 91
in Xenopus laevis oocytes. Alongside the centrosome assembly factor SSX2IP 22 , our 92 screen revealed an upregulation of Wdr8, a previously uncharacterized WD40 repeat-93 containing protein. Particularly interesting was the observation that the two proteins 94 interacted with each other in Xenopus egg extracts (OJG, unpublished data). 95
To analyse Wdr8's functions in early vertebrate development, we took advantage 96 of the transparency of medaka embryos to carry out a cell biological analysis 97 combined with a CRISPR-Cas9 genome editing approach to target and inactivate 98 medaka Wdr8 (OlWdr8, hereafter referred to as Wdr8). This inactivation was 99 achieved through the targeted integration of a GFP-stop cassette into exon-3 of the 100 Wdr8 locus (Extended Data Fig. 1a, 
b). A cross of heterozygous parents yielded 101
Wdr8 -/homozygous offspring that showed no obvious abnormalities during 102 development and were phenotypically undistinguishable from wild-type fish through 103 all stages to adulthood (Extended Data Fig. 2 ). However, when we compared the four 104 combinations resulting from a cross of Wdr8 -/and wild-type fish (Fig. 1a) , we found 105 a severe phenotype in all embryos from homozygous mothers. All maternal/zygotic 106 Wdr8 -/mutants (m/zWdr8 -/-) exhibited cleavage cycles that were significantly 107 delayed (by 20-30 min) following the first cleavage (Fig. 1b ). The second division 108 and the following cleavage cycles revealed abnormal asymmetric cleavages with a 109 failure of cytokinesis ( Fig. 1a ), which were sometimes observed during the first 110 division (Supplementary information (SI) Movie 3). In the absence of maternally 111 provided Wdr8, these embryos failed to gastrulate or reach the neurula stage (St.18) 23 112 ( Fig. 1a ) . In contrast, the development of all embryos from homozygous fathers was 113 indistinguishable from that wild-type embryos ( Fig. 1a and Extended Data Fig. 3) . 114
These results demonstrate that maternally provided Wdr8 is essential for faithful 115 cleavages in the large blastomeres of the early fish embryo. 116 117
Exogenous expression of Wdr8 can efficiently rescue Wdr8 -/zygotes 118
Given these indications that the presence of maternal Wdr8 during cleavage divisions 119 suffices for the progression of normal development, we next performed rescue 120 experiments in the maternal/zygotic mutants (Wdr8 -/-). We injected mRNA encoding 121 an EYFP-fusion of the human WDR8/WRAP73 orthologue (here called EYFP-122 huWdr8) into m/zWdr8 -/zygotes within 5-10 min post fertilisation (mpf). At just 60 123 min after injection (about 70 mpf), functional proteins were detected from both the 124 control mRNA, encoding EGFP alone, and EYFP-huWdr8. This was the point at which embryos underwent their first cleavage. While all the Wdr8 -/embryos 126 injected with EGFP showed abortive development, EYFP-huWdr8 expression fully 127 rescued the cleavages and over 90 % of the injected eggs progressed through 128 gastrulation to subsequent developmental stages ( Fig. 1c, d) . Intriguingly, about 70% 129 of these embryos developed into juveniles indistinguishable from wild-type fish based 130 on gross morphology (data not shown). These results not only confirmed the 131 specificity of the knockout phenotype, but also clearly demonstrated that maternal 132
Wdr8 plays an essential role in early development by maintaining the integrity of 133 embryonic cleavages. 134 135
Centrosomal localisation of Wdr8 in rescued Wdr8 -/zygotes 136
The fluorescent tag of the rescue construct allowed us to determine the localisation of 137 EYFP-huWdr8 in living blastomeres. In vivo microscopy showed that EYFP-huWdr8 138 localised specifically to one or two distinct dot-like domains in each blastomere of the 139 rescued embryos ( Fig. 2a, b ). During the cleavage cycles from the one-to the four-140 cell stage, the two domains remained adjacent to each other, then separated and 141 migrated to opposing sides of the blastomeres during mitosis ( Fig. 2a and SI Movie 1). 142
At the end of mitosis (before the emergence of the cleavage furrow), the Wdr8 143 domains were more dispersed ( Fig. 2a and SI Movie 1). This localisation was 144 strikingly reminiscent of the pattern that centrosomes follow during the cell cycle as 145 they separate to form mitotic spindle. Strikingly, EYFP-huWdr8 co-localised with γ-146 tubulin as well as the centriolar satellite (CS)-marker PCM1 24,25 at both prophase and 147 metaphase, demonstrating that Wdr8 is a novel maternal centrosomal and CS factor in 148 medaka embryos (Fig. 2c ). In controls (EGFP-expressing wild-type and m/zWdr8 -/-149 blastomeres), the EGFP signal was found in the cytoplasm, confirming that the 150 centrosomal localisation of the EYFP-huWdr8 signal is due to the Wdr8 sequence (SI 151
Movies 1, 2, and 3). Taken together, our results indicate that Wdr8 acts as a 152 centrosomal organiser in embryonic mitoses. 153 154 Wdr8 is essential for PCM assembly during rapid embryonic mitoses. 155
The centrosomal localisation of γ-tubulin and PCM1 in the embryos rescued by 156 EYFP-huWdr8 expression was comparable to that observed in wild-type embryos 157 ( Fig. 2d ). This indicates that EYFP-huWdr8 successfully rescues the phenotype of 158
Wdr8 -/embryos by restoring the function of embryonic MTOCs. We therefore asked 159 if MTOC assembly is affected in m/zWdr8 -/blastomeres. At prophase and metaphase 160 in these blastomeres, γ-tubulin and PCM1 were severely scattered compared to the 161 wild-type, sometimes forming multiple PCM foci that were unevenly fragmented ( The fact that exogenously provided Wdr8 mRNA effects a highly efficient rescue 175 during early cleavage stages provides a clear, systematic approach to the 176 identification of interaction partners and the domains of Wdr8 that permit them to 177 bind. Wdr8 is conserved across species from yeast to humans, and vertebrates exhibit 178 four WD40 domains (Fig. 4a ). WD40 domains are often involved in protein-protein 179 interactions 26 , suggesting that they might play an important role in Wdr8's function. 180
We selected amino acids in the WD40 domains of Wdr8 that were conserved across 181 and 98:12). Individual blastomeres exhibited multiple foci, but they disappeared 193 during the subsequent cleavage cycles (Fig. 4c , SI Movie 4). Interestingly, in 194 m/zWdr8 -/blastomeres, both WD variants were ubiquitously dispersed throughout the 195 cytoplasm and slightly co-localised with scattered γ-tubulin and PCM1 at prophase 196 ( Fig. 4d ). This indicates that WD variants are hypomorphic forms of Wdr8 that 197 inefficiently localise to the centrosome, and demonstrates that the WD40 domain is 198 essential for proper PCM/CS assembly. 199 Importantly, abnormal PCM/CS assembly led to multipolar spindles as well as 200 chromosomal instability (Fig. 4e ). This was consistent with the finding that neither of 201 the WD mutant variants was able to rescue the early m/zWdr8 -/phenotypes or their 202 subsequent abortive development (Fig. 4b) . In contrast, the mutation of four We next took advantage of the mRNA-based in vivo reconstitution assay to address 212 the molecular mechanisms underlying Wdr8's function. We hypothesised that WD40 213 domains serve either as centrosome-targeting domains or as modules for interactions 214 with other proteins. We first tested whether the rescue of m/zWdr8 -/zygotes by WD 215 variants was achieved by targeting them to the centrosome. We used the centrosome-216 targeting motif PACT to facilitate the accumulation of WD mutant variants at the 217 centrosome 28 . Both PACT fusion constructs weakly localised to the centrosome in 218 some embryos (Fig. 5a , PACT-359/360AA, data not shown). In these embryos, 219 however, the embryonic lethality introduced by Wdr8 knockout was not rescued (1dpf 220 in Fig. 5a , PACT-359/360AA, data not shown). This failure -even when Wdr8 was 221 localised to the centrosome -strongly suggests that the WD40 domains of Wdr8 are 222 not simply centrosome-targeting domains. 223
Next we tested whether WD40 domains are important for interactions with other 224 proteins. Since Wdr8 had initially been identified as an interaction partner of the CS 225 protein SSX2IP, we hypothesised that WD40 domains might be critical for Wdr8's interacted equivalently with WT and WD variants, indicating that WD40 domains are 239 not required for Wdr8-γ-TuRC/Nedd1 interactions (Fig. 5b) . Consistent with this 240 finding, Western blot analysis confirmed that only WT, but not WD mutant variants, 241
interacted with SSX2IP ( Fig. 5c ). On the other hand, γ-tubulin's interaction with Wdr8 242 was independent of WD40 domains (Fig. 5c ). Taken together, these results revealed 243 that WD40 domains are the basis of the complex formed by Wdr8 with SSX2IP, but 244 its interactions with γ-TuRC are independent of the domains. In medaka blastomeres, 245
Wdr8 wild-type almost completely co-localised with SSX2IP, strongly suggesting 246 that Wdr8 is a CS protein which forms a complex with SSX2IP (Fig. 5d ). In contrast, 247 SSX2IP was remarkably dispersed in the cytoplasm in both 196/197AA-and 248 359/360AA-expressing blastomeres (Fig. 5d , 359/360AA, data not shown), indicating 249 that the interaction between Wdr8 and SSX2IP is crucial for mutual localisation and 250 the function of Wdr8-SSX2IP as a CS protein complex (Fig. 5d, e) . 251
In summary, these results clearly demonstrate that the Wdr8-SSX2IP complex is 252 maternally essential for PCM assembly to ensure rapid embryonic mitoses. 253 254
Discussion 255
Although it has long been suggested that centrosomes in vertebrate is absolutely 256 essential for embryonic mitosis, the ultimate impact of centrosomes on vertebrate 257 embryonic development and its molecular mechanism has been ill-defined. In this 258 study, we for the first time reveal the detailed molecular mechanism of centrosome 259 assembly specifically regulated by the novel maternal centrosomal protein Wdr8 260 during medaka embryonic mitoses (Fig. 5e ). Centrosomes regulated by maternal 261
Wdr8 are absolutely essential for mitotic spindle bipolarity and accurate inheritance 262 of the zygote genome, which is distinct from a certain dispensability of centrosomes 263 in somatic cells (Fig. 5e ). Therefore, we here present a first major step toward solving 264 conserved through evolution has yet to be addressed. In cell culture, a Wdr8 partner, 292 SSX2IP is shown to be required in CS for the recruitment of γ-tubulin ring complexes 293 (γ-TuRCs) and other specific components into the PCM for the assembly of expanded 294 mitotic PCM 22, 37 . While SSX2IP is not absolutely essential for the mitotic spindle 295 bipolarity and metaphase progression in cultured cells 22, 37 , its function originally 296 identified as maternal protein from Xenopus eggs has not been addressed. By 297 unveiling the exclusive function of maternal Wdr8, our data show that Wdr8 interacts 298 with SSX2IP via its WD40 domains and that this complex is essential for their mutual 299 centrosome localisation/function in medaka embryonic mitosis. Although mass 300 spectrometry analysis in our experiments could not identify kinesin-14 in either 301 SSX2IP-or Wdr8-IP samples, the localisation of SSX2IP is dependent on dynein at 302 least in Xenopus egg extracts 22 . Therefore, a complex of Wdr8-SSX2IP bound to 303 dynein as a minus-end-directed motor could be a highly conserved molecular module 304 whose function is crucial to ensure proper PCM assembly and maintain its structure 305 during embryonic mitosis. Since SSX2IP is exclusive to CS 22, 37 , Wdr8-SSX2IP might 306 be first recognised as a cargo by dynein at the CS granule to transport the complex, 307 together with other PCM components, to the centrosome (Fig. 5e ). The formation of 308 the Wdr8-SSX2IP complex via WD40 domains may therefore be a critical step in the 309 assembly of PCM components and the initiation of centrosome maturation (Fig. 5e ) 38, 310 39 . Intriguingly, our mass spectrometry analysis further demonstrates that Wdr8 also 311 associates with all the γ-TuRC subunits, including its regulatory protein Nedd1, in a 312 manner independent of WD40 domains (Fig. 5b) . It is plausible that Wdr8 alone could 313 serve as a platform for γ-TuRC/Nedd1 in either its transport to the centrosome or in 314 stabilising the minus-end of MT. 315
Defects of the assembly of the centrosome after fertilisation have been directly 316 linked to infertility and abnormal embryonic development in humans 40, 41 . So far the 317 causes of infertility have mainly been attributed to the abnormalities of the sperm 318 centriole 40, 41 . The effects of maternal centrosomal factors in oocytes have not yet 319 received much attention. Considering that genomic instability in aging eggs causes 320 infertility 42, 43 , it is possible that the downregulation or absence of maternal 321 centrosomal factors during meiosis may contribute to infertility as well. Since Wdr8 is 322 a critical maternal factor for genomic stability as well as centrosome assembly, the 323 function of Wdr8 in relation to other interaction partners during meiosis needs to be 324 addressed. On the other hand, the rescue of Wdr8 -/embryos through either maternal 325 effects or an introduction of exogenous Wdr8 expression causes them to undergo 326 normal development, which suggests that zygotic Wdr8 is dispensable for later 327 development (Extended Data Fig. 2, 3 and, Fig.1a, c) . It is possible, of course, that and then subjected to immunostaining as described previously 22 . Rescue experiments by injection of either EYFP-huWdr8 mRNA or its 419 individual mutant variants' mRNA. Wdr8 -/fertilised eggs were immediately 420 collected after checking mating, and injected with mRNA within 5-10 min post 421 fertilisation in the precooled 0.5x ERM medium. 100 ng/µl of mRNA of either EYFP-422 huWdr8 or its individual mutant variants was injected into Wdr8 -/zygotes at about 1/3 volume of one-cell stage. These zygotes were incubated in 0.5x ERM at 28 °C. 424
Embryos at 4 hpf (St. 8) were fixed with 4% PFA in 1x PTw to perform whole mount 425 fluorescent immunostainings. Images of external phenotypes of live embryos were 426 taken under Nikon SMZ18 binocular microscope with the NIS-Elements F4.00.00 427 imaging software (Nikon). 428
Western blot analysis of medaka embryos at morula stage. 400 ng/µl of mRNA 429 encoding either EYFP-huWdr8 or WD mutant variant was injected into one-cell stage 430 zygotes. The embryos were incubated for 28 °C for 2h, and then treated with hatching 431 enzyme for another 2h to remove chorion. 50 embryos (around St. 8) for each were 432 softly homogenised with 100 µl cold PBS to remove the yolk. After centrifugation at 433 3,000 rpm for 2 min at 4 °C, the supernatant was removed and the pellet of embryos 434 was frozen at liq N 2 and stored at -80 °C. The pellet was lysed on ice with 25 µl RIPA 435 buffer (50 mM Tris-HCl at pH 8.0, 150 mM NaCl, 5 mM EDTA, 15 mM MgCl 2 , 1% 436
Triton-X100) containing 10 µM pepstatin, 10 µg/ml aprotinin, 0.1 mM PMSF, 1 mM 437 Na 3 VO 4 , and 1 mM NaF. After centrifugation at 14,000 rpm for 5 min at 4 °C, 20 µl 438 supernatant was mixed with the equal volume of 2x Laemmli sample buffer 439 containing 10% 2-mercaptoethanol, and boiled for 10 min at 100 °C, subjected to 440
SDS-PAGE. 441

Immunoprecipitation of 2xFlag-huWdr8 from Xenopus CSF egg extracts. 442
Xenopus CSF egg extracts were routinely prepared as previously described 48 . 80 µl of 443 the extracts was incubated with 3 µg mRNA of either 2xFlag-huWdr8 wild-type, 444 2xFlag-196/197AA, or 2xFlag-359/360AA for 90 min at 23 °C to express Flag-tagged 445 fusion proteins in the extracts. The immunoprecipitations were performed with 2 µg 446 of either anti-Flag antibody (Sigma-Aldrich, F1804) or normal mouse serum 447 (Invitrogen, #1410) for 45 min at 23 °C, followed by incubation with 20 µl of Protein 448 G Sepharose 4 Fast Flow (GE Healthcare Life Sciences) slurry (in CSF-XB) for 449 another 25 min at 23 °C by tapping every 5 min. The Protein G Sepharoses were 450 washed twice and one time with 250 µl of TBS-T (10 mM Tris-HCl at pH7.5, 0.5% 451 tween-20, 150 mM NaCl) and 250 µl of TBS (10 mM Tris-HCl at pH7.5, 150 mM 452 NaCl), respectively. After removing TBS, the samples were prepared with 30 µl of 2x 453
Laemmli sample buffer containing 10% 2-mercaptoethanol, boiled for 10 min at 454 100 °C, subjected to Western blot and mass spectrometry analyses as described 455 previously 22, 49 . 456
Dimethyl labeling and mass spectrometry. For quantitative mass spectrometry 457 analysis, comparison of control IgG pull-down and 2xFlag-huWdr8 pull-down 458 samples were performed by after dimethyl-labelling using stable isotopes 49, 50 . 459
Original mass spectrometry data were analysed using Proteome Discoverer 1.4 and 460 Mascot (Matrix Science; version 2.4) as described previously 22, 49 . Identified proteins 461 were displayed by Scaffold_4.4.3 (Proteome Software Inc.) to retrieve significantly 462 interacted proteins with either Wdr8 wild-type or WD40 mutant variants. 463
